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In Brief Lee, Finkelstein et al. discovered that cholinergic interneurons in the nucleus accumbens regulate both the extinction of a cocaine-context association and the synaptic plasticity that occurs during extinction. Cholinergic interneurons do not drive reinforcement or plasticity on their own, suggesting a modulatory rather than reinforcing function.
INTRODUCTION
Cholinergic (ChAT) interneurons within the nucleus accumbens (NAc) and the dorsal striatum comprise a sparse population of interneurons that are well positioned to play an important role in the function of the circuit (Tepper and Bolam, 2004; Zhou et al., 2002) . They provide a major source of cholinergic innervation, they are activated by salient or reward-predicting events (Atallah et al., 2014; Joshua et al., 2008; Morris et al., 2004) , they locally regulate dopamine release (Cachope et al., 2012; Threlfell et al., 2012; Zhou et al., 2001) , and their activity modulates the activity of the medium spiny neurons (MSNs), the output neurons in the striatum (English et al., 2012; Oldenburg and Ding, 2011; Witten et al., 2010; Nelson et al., 2014; Higley et al., 2011) . Indeed, ChAT interneurons in the NAc appear to play a role in certain forms of learning, including formation of cocaine-context associations (Witten et al., 2010) , discriminative fear conditioning (Brown et al., 2012) , and learning within an attentional set shift task (Aoki et al., 2015) .
Despite the importance of ChAT interneurons, several key questions remain unaddressed. First, what, if any, synaptic plasticity in the NAc underlies ChAT-interneuron-mediated changes in behavior? Second, if ChAT interneurons do affect synaptic plasticity, under what conditions do they do so? One possibility is that ChAT interneuron activity is by itself sufficient to generate plasticity and to drive reinforcement. Alternatively, the activity of ChAT interneurons could instead function to modulate the extent of plasticity and learning for external reinforcers, without itself being reinforcing. Distinguishing between these possibilities is at the heart of characterizing how these neurons contribute to circuit function and behavior.
We address these questions in the context of mice undergoing extinction of a cocaine conditioned place preference (CPP). We focused on extinction learning because a critical feature of drug addiction is the persistence of maladaptive drug-seeking behavior, and thus a particular challenge in treating addiction is to find ways to reduce or extinguish drug-related associations. Therefore, mechanisms underlying extinction learning have the potential to be clinically relevant, yet less is known about mechanisms of extinction in comparison to formation of a drugcontext association. We examine extinction of a cocaine CPP rather than operant cocaine self-administration in order to specifically isolate mechanisms underlying contextual associations from other types of associations (e.g., operant associations, cue associations). This is a valuable approach given that contextual associations contribute to drug seeking and depend on different neural mechanisms than operant or cue associations (Torregrossa et al., 2013; Fuchs et al., 2005) .
Thus, our first objective was to determine if ChAT interneurons do in fact play a role in extinction learning for a cocaine CPP, a finding which would extend our previous observation that they play a role in formation of such associations (Witten et al., 2010) . We then proceeded to combine in vivo manipulation of ChAT interneuron activity with ex vivo electrophysiology in order to connect ChAT interneuron activity with potential synaptic plasticity mechanisms.
RESULTS

Control of Activity in ChAT Interneurons Bidirectionally Regulates Extinction of a Cocaine-Context Association
We first sought to determine if activity in ChAT interneurons contributes to extinction learning of a cocaine-associated context. Toward this end, an AAV2/5 virus expressing either Cre-dependent ChR2-YFP or YFP only (control virus) was injected into the medial NAc of ChAT::IRES-Cre mice, and optical fibers were implanted bilaterally above the structure (Figures 1A and 1B) . This strategy resulted in selective ChR2 expression in ChAT interneurons of the medial NAc ( Figures 1B and 1C) . Before proceeding to in vivo experiments, the efficacy of optogenetic stimulation of ChAT interneurons was confirmed through whole-cell recordings in brain slices ( Figure 1D ; 4-6 weeks after virus injection, 445 nm light, 5 mW/mm 2 , 15 Hz, 5 ms pulse duration, 2 s activation period interleaved with 2 s light off period).
To probe the function of ChAT interneurons in cocaine-context extinction learning, mice were conditioned on a cocaine CPP (paradigm schematic in Figure 1E ). During the first day of training (''Pre-test''), mice had access to both chambers of the apparatus. The following 2 days were conditioning days, during which they were trained to associate one environment with cocaine (15 mg/kg, i.p. [intraperitoneally] ) and the other environment with an equal volume of saline. Mice then underwent 3 extinction days to assess and extinguish their preference for the cocaine chamber: ''Test 1'' and ''Test 2'' took place on the 2 days subsequent to conditioning while ''Test 3'' took place a week later. During only Test 1, mice received bilateral optogenetic activation of the ChAT interneurons as they explored the apparatus (activation was not contingent on the location of the mice in the chamber).
Mice that received optogenetic activation of ChAT interneurons during Test 1 spent less time in the cocaine-associated chamber relative to YFP-control littermates across the three post-conditioning test sessions (Figures 1F and 1G; F(2,34) = 10.31, p = 0.0003 for test day and F(1,17) = 5.141, p = 0.037 for group, repeated-measures ANOVA). Of note, the modulation of extinction behavior by ChAT interneurons generalizes beyond the specific mouse strain used in this experiment (strain C57BL/ 6J; Figure 1G ), as we replicated this result in a separate cohort of mice with a different genetic background (strain 129S1; Figures S1A and S1B, available online; F(2,26) = 10.15, p = 0.0005 for test day and F(1,13) = 5.28, p = 0.039 for group, repeated-measures ANOVA). The fact that the difference in preference persisted between the ChR2 and YFP groups during the second and third extinction test, even though ChAT activity was only manipulated on the first test day, suggests that ChAT interneurons affect drug-context extinction learning (rather than simply affecting the expression of the memory; p = 0.021 for group, repeated-measures ANOVA with group and day as factors, analyzing test days 2 and 3 from cohorts in Figures 1G  and S1B ).
In addition, we examined the temporal evolution of chamber preference during the first extinction test, when ChAT interneurons were activated ( Figure S1C ). Over the course of the session, control mice do not show a significant decrease in chamber preference over time (p = 0.38 for time as a predictor of preference in a linear regression), while mice that received ChAT interneuron activation do show a significant decrease (p = 0.002 for time as a predictor of preference in a linear regression). Although this is suggestive that the time course of extinction is different even during the first test across the two groups, the interaction between group and time is not quite significant with the available data (p = 0.001 for time, p < 0.001 for group, p = 0.081 for time 3 group; linear regression to predict preference based on group, time, and group 3 time).
ChAT interneurons may contribute to cocaine-context extinction either by modulating ongoing learning, or by generating new learning. To determine if activity in ChAT interneurons is sufficient to generate reinforcement learning in naive mice, we activated ChAT interneurons in a real-time CPP test in which the neurons were activated whenever a mouse was in one chamber and not the other chamber (''Real-time CPP''; Figure 1H ). This manipulation had no effect on the time spent in the two chambers, indicating the activity in ChAT interneurons by itself does not drive reinforcement ( Figure 1H ; p = 0.53, two-tailed t test; additional stimulation frequencies in Figure S1D ). We also tested if ChAT interneuron activation could support intracranial self-stimulation in an operant chamber and again did not find that the manipulation was reinforcing ( Figure S1E ).
Given that activation of ChAT interneurons was sufficient to increase extinction learning ( Figure 1G ), we next investigated the possibility that inhibition of the same neurons would result in the reverse effect of reducing extinction learning. Toward this end, an AAV2/5 virus expressing either Cre-dependent NpHR-YFP or YFP only (control virus) was injected into the medial NAc of ChAT::IRES-Cre mice, and optical fibers were implanted bilaterally (Figures 2A-2C ). Optogenetic inhibition of ChAT interneurons successfully suppressed action potentials, as confirmed with whole-cell recordings ( Figures 2D, S2A , and S2B). A cocaine CPP assay was implemented as before, but in this case constant illumination of 590 nm light was delivered to inhibit activity during the first post-conditioning test (Test 1; Figure 2E ). Inhibition of ChAT interneurons caused a decrease in extinction learning relative to control littermates (Figures 2F and 2G; F(2, 37) = 15.23, p < 0.0001 for test day and F(1,18) = 5.63, p = 0.029 for group, repeated-measures ANOVA). Similar to the case of ChAT interneuron activation, the effect of inhibition on chamber preference persisted on the test days subsequent to the inhibition, meaning that these neurons modulate extinction learning rather than only having acute effects on expression of the memory ( Figure 2G ). Taken together with the results from activating ChAT interneurons (Figures 1G and S1B), these experiments indicate that ChAT interneuron activity provides bidirectional regulation of extinction learning for a cocaine-context association.
In addition, similar to the case of activation, the inhibition of ChAT interneurons was not sufficient to drive a real-time CPP, again supporting the idea that ChAT interneurons modulate extinction learning without being able to drive new learning on their own ( Figure 2H ; p = 0.62, two-tailed t test). In addition, it is unlikely that these behavioral effects can be explained by nonspecific changes in anxiety-like behavior, as no effect of activation or inhibition of these neurons was observed on anxiety assays (open field test and elevated plus maze; Figures S1F, S1G, S2D, and S2E). Similarly, these manipulations did not generate a change in velocity, either in the open field or in the cocaine CPP extinction test (Figures S1H, S1I, S2F, and S2G). (G) Cocaine chamber preference during the baseline and the 3 test days for mice undergoing the cocaine CPP described in (E) (F(1,17) = 5.14, p = 0.036 for group, repeated-measures ANOVA. ChR2 group, n = 10; pre-test, 1.9 ± 36. (G) Average cocaine chamber preference during the pre-test and the 3 test days for mice undergoing cocaine CPP as described in (E). (F(1,17) = 5.6, p = 0.02 for group, repeated-measures ANOVA. NpHR group, n = 11; pre-test, À7.2 ± 36.0; Test 1, 361.8 ± 27.0; Test 2, 305.6 ± 35.0; Test 3, 182.4 ± 51.6. YFP group, n = 10, 18.5 ± 18.5; Test 1, 232.0 ± 44.3; Test 2, 198.1 ± 46.6; Test 3, 43.7 ± 46.1) . (H) Average preference for the stimulated chamber in mice undergoing a real-time CPP test (p = 0.62, two-tailed t test. NpHR group, n = 6, À22.7 ± 64.3. YFP group, n = 6, 29.9 ± 83.5). In (D)-(H), constant illumination with 590 nm light. All error bars are SEM.
ChAT Interneurons Mediate Plasticity of Excitatory Synapses onto MSNs during Extinction of a CocaineContext Association
We next sought to test the hypothesis that ChAT interneurons could impact extinction learning by modulating synaptic plasticity in the NAc. Reward-related learning is associated with changes in the strength of excitatory synapses onto MSNs, the output neurons of the NAc (Lü scher and Malenka, 2011; Britt et al., 2012) , and thus ChAT interneurons may play a role in modulating such plasticity. To address this possibility, we compared miniature excitatory postsynaptic currents (mEPSCs) in MSNs of mice in which ChAT interneurons had been optogenetically activated during the extinction test, relative to MSNs of control mice in which ChAT interneurons were not activated . In either case, mice were sacrificed immediately after the first extinction test (behavioral schematic in Figure 3A ). Consistent with our earlier results (Figures 1G and S1B), activation of ChAT interneurons during the initial extinction test decreased chamber preference, which implies enhanced extinction learning ( Figure 3B ; F(1,15) = 32.1, p < 0.0001 for group and (B) Prior to ex vivo physiology, mice exhibited less preference for the cocaine-paired chamber if ChAT interneurons were activated during the test (relative to control mice, which did not receive ChAT interneuron activation but otherwise underwent the same protocol) (F(1,15) = 32.1, p < 0.0001 for group and F(1, 15) = 8.40, p = 0.011 for test, two-way ANOVA with group and test as factors; p = 0.28 for pre-test day, p = 0.0003 for test day, Sidak's post hoc test. ChAT activation group, n = 6; pre-test, À46.9 ± 29.9; test, 24.5 ± 70.5. Control group, n = 11; pre-test, 49.7 ± 37.2; test, 308.1 ± 40.5).
(C) Sample voltage-clamp recordings of mEPSCs from an MSN from a mouse that received ChAT activation and from a control mouse. (D) Left: cumulative probability of interevent intervals for mEPSCs in mice that received ChAT activation during the test and for control mice. Decreased mEPSC frequency in mice that received stimulation. (p < 0.001 for group in a linear, mixed-effects regression. Left inset: median frequency of mEPSCs. ChAT activation group, n = 15, 3.2 ± 0.5. Control group, n = 24, 7.0 ± 0.8). Right: cumulative probability of the amplitude mEPSCs in mice that received ChAT activation and for control mice. No change in mEPSC amplitude in mice that received stimulation (p = 0.11 for group in a linear, mixed-effects regression. Right inset: median amplitude of mEPSCs. ChAT activation group, 13.1 ± 0.3. Control group, 14.9 ± 0.6). (E) Same as (A), but this cohort was sacrificed for ex vivo recordings 24 hr after the test. (F) mEPSC amplitude and frequency 24 hr after the test. Left: cumulative probability of interevent intervals for mEPSCs in mice that received ChAT activation and for control mice. Decreased mEPSC frequency in mice that received stimulation (p = 0.03 for group in a linear, mixed-effects regression. Left inset: median frequency of mEPSCs. ChAT activation group, n = 21, 4.6 ± 0.6. Control group, n = 16, 6.2 ± 0.6). Right: cumulative probability of the amplitude of mEPSCs in mice that received ChAT activation and for control mice. No change in mEPSC amplitude in mice that received stimulation. (p = 0.42 for group in a linear, mixed-effects regression. Right inset: median amplitude of mEPSCs. Chat activation group, 13.0 ± 0.2. Control group, 13.7 ± 0.5). All error bars are SEM.
F(1, 15) = 8.40, p = 0.011 for test, two-way ANOVA; p = 0.0003 across groups for the test day, p = 0.28 for the pre-test day, Sidak's post hoc test). Comparison of the mEPSCs from the two groups revealed a substantial decrease in the frequency of mEPSCs as a consequence of ChAT interneuron activation and no significant change in amplitude ( Figure 3D ; p < 0.001 for interevent interval and p = 0.11 for amplitude, mixed-effect linear regression; see Experimental Procedures for details; no difference in basic membrane properties or recording conditions across groups; Figure S3B ).
The fact that ChAT interneurons mediate changes in chamber preference that persists during the days subsequent to their activation (Figures 1G and 2G) suggests that the concomitant plasticity in the NAc may also persist on the day following stimulation. Thus, we investigated whether or not ChAT-interneuron-mediated plasticity persisted on the day following stimulation by training a new cohort of mice on the cocaine CPP paradigm and activating ChAT interneurons during the first post-conditioning test day, as before ( Figure 3E ). In this case, mice were sacrificed and mEPSCs were measured on the day following the test day, rather than immediately after the test day as in the prior experiment ( Figure 3E ). As expected, ChAT interneuron activation on the test day was again associated with less cocaine chamber preference ( Figure S3A ; F(1, 16) = 11.02, p = 0.0043 for group and F(1,16) = 5.87, p = 0.027 for test, two-way ANOVA; p = 0.035 across groups for the test day, p = 0.29 for the pre-test day, Sidak's post hoc test; no difference in basic membrane properties or recording conditions across groups; Figure S3C ). In addition, once again, ChAT interneuron stimulation was associated with a decrease in the frequency and no change in the amplitude of mEPSCs in MSNs ( Figure 3F ; p = 0.03 for interevent interval and p = 0.4 for amplitude, mixed-effect linear regression; see Experimental Procedures for details). In addition, there was no statistically significant interaction between the time the mice were sacrificed (0 hr versus 24 hr) and the effect of ChAT stimulation in explaining mEPSC frequency (p = 0.16 for stimulation 3 time interaction, mixed-effect linear regression; see Experimental Procedures for details).
We observed a change in frequency, but not amplitude, of mEPSCs as a result of ChAT interneuron activation ( Figures 3D  and 3F ), implying that the site of plasticity mediated by ChAT interneurons may be presynaptic and not postsynaptic. However, reductions of mEPSC frequency can occur with loss of postsynaptic sites as well. To provide additional information regarding the site of plasticity, in a new cohort of mice we measured the paired-pulse ratio (PPR) and the ratio of AMPA to NMDA receptor currents onto MSNs, the former an assay of presynaptic plasticity and the latter an assay of postsynaptic plasticity. To this end, mice underwent an identical cocaine CPP as described in Figure 3A , receiving activation of ChAT interneurons during the first extinction test followed immediately by ex vivo electrophysiological measurements ( Figures 4A and 4B ). We observed a large enhancement in PPR as a consequence of ChAT interneuron stimulation, consistent with a presynaptic plasticity mechanism ( Figure 4C ; F(1,16) = 15.62, p = 0.0011 for group and F(2,32) = 7.4, p = 0.0023 for stimulation interval, two-way ANOVA; p = 0.0043 at 20 ms, p = 0.0019 at 50 ms, and p = 0.034 at 100 ms, Sidak's post hoc test). In contrast, the change in AMPA/NMDA receptor current ratio was not statistically significant between the two groups ( Figure 4D ; p = 0.17, two-tailed t test). Note that this negative result does not rule out the possibility that there is postsynaptic plasticity that we were not able to detect with our assay. For example, opposing postsynaptic effects may occur in parallel in different subpopulations of MSNs (e.g., dopamine receptor 1 [D1R]-versus dopamine receptor 2 [D2R]-expressing MSNs).
So far, we have determined that manipulation of activity in ChAT interneurons during the extinction of a cocaine CPP generates changes in both extinction learning and in glutamatergic plasticity onto MSNs. The presence of these two consequences of ChAT stimulation suggests that changes in glutamatergic plasticity may represent a neural substrate for extinction learning for a cocaine CPP. To determine if it is indeed the case that the reduction in mEPSC frequency is a neural manifestation of extinction learning, we trained two cohorts of mice on a cocaine CPP. After conditioning, one cohort received four extinction tests while the control cohort did not undergo any extinction tests ( Figures 5A and 5B). We found that multiple days of extinction training generates reductions in mEPSC frequency, but not amplitude ( Figure 5C ; p = 0.0135 for interevent interval, p = 0.70 for amplitude, mixedeffect linear regression; analysis details in Experimental Procedures), changes that closely mimic the changes that occur as a consequence of ChAT interneuron activation during a single extinction test ( Figure 3D ). This suggests that ChAT stimulation during a single extinction test accelerates the plasticity that naturally occurs during the course of repeated extinction sessions on a cocaine CPP.
ChAT-Interneuron-Mediated Plasticity onto MSNs Depends on Context and Experience
We next sought to determine if ChAT-interneuron-mediated plasticity depended on the mouse's experience and context. These experiments were geared toward distinguishing between two hypotheses. The first hypothesis is that activity in ChAT interneurons can generate plasticity regardless of context and experience. Alternatively, it could be that ChAT interneurons regulate the extent of plasticity if and when cocaine-context extinction is occurring. As detailed below, we took several approaches to distinguish between these hypotheses.
Our first approach involved training mice on a cocaine CPP as before and comparing the effect of ChAT interneuron activation during the first extinction test (as before; Figures 1 and 3) , versus activation immediately before the extinction test in the home cage (experiment schematic in Figure 6A) . On a behavioral level, we observed a reduction in preference when stimulation occurred in the extinction context, suggesting that ChAT interneuron activity only affects extinction learning if the neurons are activated during the extinction test ( Figure 6B ; F(1,16) = 4.70, p = 0.046 for group and F(1,16) = 14.24, p = 0.0017 for test, two-way ANOVA; p = 0.013 across groups for the test day, p = 0.99 for the pre-test day, Sidak's post hoc test ). We next sought to determine if there were differences in plasticity onto the MSNs between the groups that could underlie these differences in behavior. Indeed, we found a reduction in mEPSC frequency (but not amplitude) in MSNs when stimulation occurred during the extinction test, in comparison to when it occurred beforehand in the home cage (mice were sacrificed immediately after the test; Figure 6C ; p = 0.02 for frequency, p = 0.39 for amplitude; mixed-effect linear regression; see Experimental Procedures for details; no difference in basic membrane properties or recording conditions across groups; Figure S6A ). In addition, there was no significant difference in mEPSC frequency or amplitude when comparing mice that received ChAT interneuron activation in the home cage relative to control mice that received no stimulation (control mice in Figure 3D ; p = 0.9 for frequency, p = 0.9 for amplitude; mixed-effect linear regression; see Experimental Procedures for details). These results support the hypothesis that ChAT interneurons regulate the extent of plasticity if and when it is occurring.
Our second approach to identify the conditions under which ChAT interneurons mediate plasticity involved examining mEPSCs in MSNs of mice that underwent an identical conditioning procedure as before ( Figure 3A ), but instead of pairing cocaine injections to one chamber, they received saline injections in both chambers (''saline-only conditioning''; schematic in Figure 6D ). In this case, there was no sign of learning (or extinction) since there was no reason for them to form a spatial preference ( Figures 6E) . During the test session, one group of mice received ChAT interneuron activation, while the control group did not. As expected, neither group of mice exhibited a spatial preference, and there was no effect on behavior of the optogenetic stimulation ( Figure 6E ; F(1,9) = 0.37, p = 0.55 for group and F(1,9) = 0.46, p = 0.51 for test, two-way ANOVA; p = 0.65 across groups for the test day, p = 0.23 for the pre-test day, Sidak's post hoc test). We sacrificed the mice immediately after this test and compared mEPSCs ex vivo in MSNs of mice that received ChAT interneuron activation during the test, relative to À7.9 ± 68.7; test, 59.5 ± 46.8. Control group, n = 8; 16.64 ± 38.180; test, 268.9 ± 55.5 MSNs of mice that received no ChAT interneuron activation. Comparison of mEPSCs in both groups revealed no effect of ChAT interneuron activation on the frequency or amplitude of mEPSCs ( Figure 6F ; p = 0.30 for frequency, p = 0.37 for amplitude; mixed-effect linear regression; see Experimental Procedures for details; no change in basic membrane properties or recording conditions across groups; Figure S6B ). Thus, given that in this experiment there was no spatial preference learning, these results further support the hypothesis that ChAT interneurons only regulate the extent of plasticity if and when it is occurring.
Given that ChAT interneuron stimulation had no observable effect on mEPSCs in MSNs when performed in the home cage rather than in the conditioning chamber ( Figures 6A-6C ), nor did it have an effect in cocaine-naive mice ( Figures 6D-6F ), we assumed that activation of ChAT interneurons is also not able to induce changes in glutamatergic plasticity when activated in slices from naive mice. Indeed, we found that the amplitude of electrically evoked EPSCs did not change when comparing before and after 15 min of ChAT interneuron activation, which again supports the hypothesis that ChAT interneurons modulate plasticity only if and when it is occurring ( Figure S6C ).
No Significant Effect of ChAT Interneuron Activation on Extinction of a Contextual Association for Food or Fear
To determine if the effects of ChAT interneuron manipulations are specific to the extinction of a cocaine CPP or generalize to extinction of other contextual associations, we trained a new cohort of mice on a food CPP in which one chamber contained food and the other chamber was empty. As we did for the cocaine CPP extinction test (Figure 1) , we activated ChAT interneurons during the first (of three) extinction tests ( Figure 7A ). In contrast to the case of the cocaine CPP, we found that ChAT interneuron activation had no effect on extinction of a food CPP ( Figure 7B ; F(1,17) = 0.71, p = 0.41 for group and F(2,34) = 7.86, p = 0.0016 for test day, repeated-measures ANOVA). Consistent with the lack of effect on behavior, we found that there was no ChAT-interneuron-mediated change in the frequency or amplitude of mEPSCs that were measured immediately after the first extinction test in separate groups of mice that were sacrificed at that time point ( Figure 7C ; p = 0.96 for frequency, p = 0.57 for amplitude; mixed-effect linear regression; see Experimental Procedures for details).
We also examined the effect of ChAT interneuron activation on the extinction of a contextual fear memory. In this case, mice were trained to associate a chamber with a foot shock and 
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(A) Cocaine CPP paradigm followed by four extinction sessions in the extinction group and no extinction in the control group. Both groups were sacrificed at the same time point, immediately after the final extinction test. (B) Cocaine chamber preference during the baseline and four extinction tests for mice undergoing the CPP described in (A) (chamber preference for extinction group, n = 5; pre-test, À3.4 ± 39.3; Test 1, 294.4 ± 740.1; Test 2, 250.5 ± 36.80; Test 3, À45.3 ± 66.7; Test 4, 33.6 ± 45.9. Chamber preference for control group, n = 6; pre-test, 16.0 ± 51.4). (C) Left: cumulative probability of interevent intervals for mEPSCs in extinction group and control. Decreased mEPSC frequency in extinction group. (p = 0.014 for group in a linear, mixed-effects regression. Left inset: median frequency of mEPSCs. Extinction group, n = 12, 5.1 ± 0.6. Control group, n = 7, 8.1 ± 0.8). Right: cumulative probability of the amplitude mEPSCs in extinction group and for control. No change in mEPSC amplitude in both groups (p = 0.70 for group in a linear, mixed-effects regression. Right inset: median amplitude of mEPSCs. Extinction group, 12.7 ± 0.3. Control group, 12.8 ± 0.3). All error bars are SEM. then received ChAT interneuron activation during the first of two extinction tests ( Figure 7D ). We observed no significant effect of ChAT interneuron activation on freezing during the two extinction tests ( Figure 7E; F(1,14) = 13.11, p = 0.0028 for test day and F(1,14) = 0.62, p = 0.44 for group, repeated-measures ANOVA).
DISCUSSION ChAT Interneurons Modulate Cocaine-Context Extinction Learning and the Associated Synaptic Plasticity
Our data support a model in which ChAT interneurons in the NAc modulate cocaine-context extinction learning without being able to generate reinforcement on their own. Optogenetic activation or inhibition of ChAT interneurons bidirectionally modulates extinction learning for a cocaine-context association, while the same manipulations have no effect on a real-time CPP, in which one of two chambers is paired with optogenetic stimulation and the mice have access to both chambers.
Similarly, ChAT interneurons regulate glutamatergic synaptic plasticity onto MSNs during cocaine-context extinction learning, while they appear not to affect plasticity under conditions in which ChAT interneuron stimulation does not affect behavior. Specifically, ChAT interneuron activation during cocaine-context extinction learning affected the mEPSC interevent interval distribution and the paired-pulse ratio of MSNs, suggesting plasticity of the presynaptic inputs. This plasticity seems to depend on the activation occurring at the same time that the mice underwent extinction of the cocaine CPP. In fact, the same activation pattern in mice that had not been conditioned with cocaine and therefore were not undergoing extinction learning resulted in no ChAT-interneuron-mediated glutamatergic plasticity onto MSNs (Figure 6 ). Similarly, neither home cage stimulation before the extinction test of a cocaine CPP nor stimulation in brain slices resulted in detectable glutamatergic plasticity onto MSNs (Figures 6 and S6) . The correspondence between conditions in which ChAT interneurons mediate changes in behavior and conditions in which ChAT interneurons mediate plasticity supports a convincing relationship between the behavioral and plasticity effects mediated by ChAT interneurons.
Our interpretation of these results is that ChAT interneurons can hasten plasticity but cannot generate plasticity on their own. In support of this hypothesis, we found that multiple days of extinction training after a cocaine CPP cause reductions in mEPSC frequency onto MSNs that closely mimic the changes that occur as a result of ChAT stimulation during a single extinction session ( Figure 5 for mEPSC changes after repeated extinction and Figure 3D for effect of ChAT stimulation of mEPSCs after a single extinction session). This suggests that ChAT stimulation during a single extinction test accelerates changes that naturally occur during the course of repeated extinction tests of a cocaine CPP.
This function of ChAT interneurons as modulating, but not reinforcing, appears to contrast with the reinforcing role of the midbrain dopamine neurons that innervate the NAc. Dopaminergic activity is sufficient to generate learning and plasticity on its own (Pascoli et al., 2015; Witten et al., 2011; Tsai et al., 2009; Ilango et al., 2014; Steinberg et al., 2013) . Thus, dopamine neurons may contribute to determining when learning occurs, while ChAT interneurons may instead help determine how quickly or efficiently the learning progresses. The contrast between the function of ChAT interneurons and dopamine neurons is particularly surprising given that ChAT interneuron activation generates DA release in the NAc (through axonal interactions) (Cachope et al., 2012; Threlfell et al., 2012) . Thus, it is likely that simultaneous effects of ChAT interneurons on other nodes of the circuit (e.g., the acute silencing of the MSNs) prevent ChAT-interneuron-mediated dopamine release from being reinforcing (Nelson et al., 2014; English et al., 2012; Witten et al., 2010; Faust et al., 2015) .
Significance of Glutamatergic Plasticity in the NAc
Plasticity of glutamatergic inputs to the NAc is thought to be essential in supporting reward-seeking behaviors. A prominent hypothesis is that glutamatergic inputs are modulated by a reinforcement signal carried by dopamine neurons, such that the synaptic strength of inputs that predict reward is altered. Indeed, there is extensive experimental evidence of glutamatergic plasticity as a result of reward-and drug-related learning (Lü scher and Malenka, 2011; Stuber et al., 2010; Martin et al., 2006; Britt et al., 2012) . In addition, such plasticity has been linked causally to reward-seeking behaviors through optogenetic manipulations of specific glutamatergic inputs (Ma et al., 2014; Lee et al., 2013; Pascoli et al., 2014) .
Given the importance of glutamatergic plasticity onto MSNs, our finding that ChAT interneurons are capable of dramatic modulation of such plasticity is significant. Note that our new results are distinct from previous optogenetic plasticity paradigms that involved directly inducing long-term depression in specific glutamatergic inputs (Ma et al., 2014; Lee et al., 2013; Pascoli et al., 2014) . Those experiments involved optogenetic manipulations of glutamatergic inputs before the behavioral test. In direct contrast, here we show that ChAT interneuron activation only modulates glutamatergic plasticity if activated during ongoing learning (and not if activated beforehand). Another distinction between our findings and this previous work is that the ChAT-interneuron-mediated glutamatergic plasticity we report here appears to be largely presynaptic, whereas an extended withdrawal period after operant self-administration generates robust postsynaptic plasticity (Conrad et al., 2008; Loweth et al., 2014; Pascoli et al., 2014; Lee et al., 2013) . However, note that in this study we did not distinguish between different classes of MSNs (e.g., D1R versus D2R expressing), and therefore there may be postsynaptic effects mediated by ChAT interneurons that were masked by averaging opposing effects.
Relationship to Endogenous Dynamics in ChAT Interneurons
In this study, we determined the behavioral and physiological consequence of manipulating ChAT interneurons by activating or inhibiting them optogenetically over the course of 15 min. We performed measurements in brain slices to determine the efficacy of optogenetic inhibition over that timescale (Figures S2A and S2B) and found that action potentials were effectively eliminated by NpHR, and that the action potential waveforms were Figure 6 . ChAT-Interneuron-Mediated Plasticity Depends on Experience and Context (A) Mice were conditioned on a cocaine CPP and received optogenetic stimulation of ChAT interneurons either in the home cage or during the test (447 nm, 15 Hz, 5 ms pulse duration, 2 s light on interleaved with 2 s light off). Immediately after the test they were sacrificed for ex vivo recordings. (B) Mice in which ChAT interneurons were activated during the extinction test showed less preference for the cocaine-paired chamber before whole-cell recordings (relative to mice that received the ChAT interneuron stimulation in the home cage but otherwise had the same behavior experience) (F(1,16) = 4.70, p = 0.046 for group and F(1,16) = 14.24, p = 0.0017 for test, two-way ANOVA with group and test as factors; p = 0.99 for pre-test, p = 0.013 for test, Sidak's post hoc test. Stimulation during test group, n = 9; pre-test, À57.4 ± 62.1; test, 78.6 ± 96.0. Stimulation before test group, n = 9; pre-test, À46.2 ± 72.1; test, 371.6 ± 48.4).
Pre-test Test
(legend continued on next page) similar before and after the inhibition period ( Figure S2C ). However, it is possible that there are changes in post-inhibition excitability that our assay does not capture (e.g., changes in the chloride reversal potential; Raimondo et al., 2012) . We believe that even if such effects exist, they are unlikely to impact our conclusions. This is because aberrant ChAT interneuron activity after the extinction test cannot affect the outcome of the prior test and seems unlikely to affect behavior 24 hr later. Tonically active neurons (TANs) in the striatum, which are likely to be ChAT interneurons, have been shown to have very interesting in vivo temporal dynamics, including brief pauses and also bursts of activity around the time of salient or reward-predicting events (Morris et al., 2004; Atallah et al., 2014; Joshua et al., 2008) . The prolonged optogenetic inhibition and repeated 2 s burst of optogenetic activation that we employ in this study during the CPP extinction test do not replicate these endogenous dynamics within TANs. In general, contextual learning (e.g., CPP) provides a challenge for linking endogenous dynamics to behavior, given the lack of specific behavioral events to align with stimulation. Despite this challenge, it is an important goal in systems neuroscience to discover neural mechanisms that underlie contextual associations. This is because contextual learning represents an essential type of learning that involves distinct brain regions and mechanisms compared to cue learning or operant learning (Torregrossa et al., 2013; Fuchs et al., 2005) .
Despite not replicating the endogenous dynamics of TANs, there are reasons to believe our stimulation protocol was both reasonable and informative. First, the fact that our ChAT interneuron manipulation leads to bidirectional changes in behavior demonstrates that our manipulation has interpretable effects on behavior. Second, the synaptic changes onto MSNs mediated by ChAT interneuron activation during the extinction test resemble the synaptic changes that naturally occur over the course of multiple extinction tests in the absence of a manipulation ( Figure 5 ). The fact that ChAT interneuron activation causes changes in chamber preference and in synaptic function that resemble the changes that occur normally through extended extinction training suggests that our manipulation causes interpretable changes in synaptic function, despite not fully replicating the endogenous dynamics of ChAT interneurons.
In addition, the finding that our manipulation has significant effects on extinction of a cocaine memory, but not on a food or a fear memory, suggests that our manipulation may have clinical relevance, regardless of not replicating the endogenous dynamics of ChAT interneurons. The preferential effect on a cocaine memory may be related to the fact that cocaine is known to generate extensive and persistent changes in circuit function in the NAc (Wolf and Tseng, 2012; Tukey et al., 2013; Pascoli et al., 2014; Bock et al., 2013; Hopf et al., 2010) . Note that a preferential effect of the cholinergic system in modulating cocainerelated behavior is consistent with a prior study that compared the effect of muscarinic blockade in the NAc during cocaine versus food self-administration (Mark et al., 2006) . However, it seems likely that a manipulation that more closely mimicked the endogenous dynamics in ChAT interneurons might cause changes in learning for natural reward.
Connecting Acetylcholine, Plasticity, and CocaineContext Extinction Learning Our results provide the most definitive three-way connection to date between cholinergic interneurons, plasticity, and learning. Cholinergic antagonists have been shown to modulate longterm depression and potentiation in dorsal striatal brain slices (Wang et al., 2006; Centonze et al., 2003; Lovinger, 2010) , but if and how such modulation relates to behavior has not been shown. In addition, there have been several studies demonstrating a relationship between striatal acetylcholine and certain forms of learning (Brown et al., 2012; Witten et al., 2010; Aoki et al., 2015) , but those studies did not investigate synaptic plasticity. Our study builds on this work by demonstrating that in vivo activity of ChAT interneurons is sufficient to modulate both cocaine-context extinction learning and the associated synaptic plasticity onto MSNs. It is interesting that the changes in synaptic function and in cocaine chamber preference that are mediated by ChAT interneuron activation during a single extinction test mimic the changes in synaptic function and behavior that normally occur over the course of multiple extinction sessions (Figures 3 and 5) . This finding strengthens the link between the changes in synaptic function mediated by ChAT interneurons and the changes in behavior, and suggests that the changes in synapses that are mediated by ChAT interneurons are causally related to the increase in extinction in these mice.
There have been a number of prior studies demonstrating acute changes in glutamatergic and GABAergic inputs onto MSNs as a result of ChAT interneuron activity (English et al., 2012; Oldenburg and Ding, 2011; Witten et al., 2010; Nelson et al., 2014; Higley (C) Left: cumulative probability of interevent intervals for mEPSCs in mice that received ChAT activation during the test and mice that received ChAT activation in the home cage. Decreased mEPSC frequency in mice that received stimulation during the test. Right: cumulative probability of the amplitude of mEPSCs in mice that received ChAT activation during either the test or the home cage (p = 0.393). (D) Mice were conditioned on a saline CPP and received optogenetic stimulation of ChAT interneurons on the test day. Immediately after the test they were sacrificed for ex vivo recordings. (E) Saline-only conditioned mice in which ChAT interneurons were activated during the test exhibited no difference in chamber preference relative to control mice, nor any difference relative to pre-conditioning (F(1,9) = 0.37, p = 0.55 for group and F(1,9) = 0.46, p = 0.51 for test, two-way ANOVA with group and test as factors; p = 0.23 for pre-test, p = 0.65 for test, Sidak's post hoc test. ChAT activation group, n = 6; pre-test, 45.9 ± 58.75838; test, À90.9 ± 37.9. Control group, n = 5; pretest, À80.1 ± 37.0; test, À25.0 ± 77.4). (F) Left: cumulative probability of interevent intervals for mEPSCs in saline-only conditioned mice that received ChAT stimulation versus control mice. No significant difference in mEPSC frequency across groups (p = 0.30 for group in a linear regression. Left inset: median frequency of mEPSCs. ChAT activation group, n = 16, 4.6 ± 0.5. Control group, n = 12, 5.7 ± 0.6). Right: cumulative probability of the amplitude of mEPSCs in mice that received stimulation versus the control condition. No significant difference in mEPSC amplitude across groups (p = 0.37 for group in a linear regression. Right inset: median amplitude of mEPSCs. ChAT activation group, n = 16, 13.4 ± 0.5. Control group, n = 12, 12.7 ± 0.5). All error bars are SEM. et al., 2011) . The synaptic plasticity reported in this study is distinct from such acute changes in synaptic currents, given that those effects do not outlast the stimulation. Here we show that ChAT interneurons can mediate plasticity onto MSNs, and that this plasticity is present not only immediately after the manipulation, but that it persists for at least 24 hr ( Figure 3F ).
Conclusions
We found that activity in cholinergic interneurons in the NAc regulates the extinction of a cocaine-context association. Mechanistically, the activation of cholinergic interneurons during extinction results in a decrease in the strength of glutamatergic inputs onto MSNs of the NAc, a change that persists for (B) Mice in which ChAT interneurons were activated during the first extinction session of a food CPP exhibited no difference in chamber preference relative to control mice (F(2,34) = 7.86, p = 0.016 for test and F(1,17) = 0.713, p = 0.41 for group, repeated-measures ANOVA. ChR2 group, n = 9; pre-test, 12.2 ± 41.0; Test 1, 290.1 ± 67.5; Test 2, 121.4 ± 51.3; Test 3, 24.7 ± 96.6. YFP group, n = 10; pre-test, 10.654 ± 30.8001; Test 1, 250.3 ± 95.0; Test 2, 98.6788 ± 66.84659; Test 3, À47.6 ± 87.4). (C) Left: cumulative probability of interevent intervals for mEPSCs in food-conditioned mice that received ChAT stimulation versus control mice. No significant difference in mEPSC frequency across groups (p = 0.964 for group in a linear regression. Left inset: median frequency of mEPSCs. ChAT activation group, n = 13, 6.48 ± 0.56. Control group, n = 13, 6.6 ± 0.7). Right: cumulative probability of the amplitude of mEPSCs in mice that received stimulation versus the control condition. No significant difference in mEPSC amplitude across groups. (p = 0.57 for group in a linear regression. Right inset: median amplitude of mEPSCs. ChAT activation group, n = 13, 12.38 ± 0.38. Control group, n = 13, 12.7 ± 0.5. (D) Mice were conditioned in a fear conditioning paradigm and received optogenetic stimulation of ChAT interneurons during the first post-conditioning extinction test, but not the second. (E) Mice in which ChAT interneurons were activated during the first extinction test of a fear conditioning paradigm exhibited no difference in freezing relative to control mice (F(1,14) = 13.110, p = 0.0278 for test and F(1,14) = 0.62, p = 0.44 for group, repeated-measures ANOVA. ChR2 group, n = 8; pre-test, 10.3 ± 2.4; Test 1, 50.0 ± 5.1; Test 2, 30.0 ± 5.4. YFP group, n = 7; pre-test,12.3 ± 2.7; Test 1, 50.9 ± 4.7; Test 2, 37.1 ± 4.4). All error bars are SEM.
at least 24 hr. This cholinergic modulation of plasticity occurs specifically during cocaine-context extinction learning and appears to hasten the plasticity that normally accompanies this behavior. Together, the data provide a strong three-way link between the in vivo activity of cholinergic interneurons, synaptic plasticity onto MSNs, and cocaine-context extinction learning.
EXPERIMENTAL PROCEDURES Animals and Surgeries
ChAT::IRES-Cre mice (JAX stock 006410: B6;129S6-Chattm2(cre)Lowl/J [RRID: IMSR_JAX:006410]) were maintained on a C57/BL6J background. All experimental and surgical protocols were approved by Princeton University IACUC to meet guidelines of the NIH guide for the Care and Use of Laboratory Animals. During surgery, the NAc was infused bilaterally with either AAV5-EFIa-DIO-ChR2-eYFP, AAV5-EFIa-DIO-eNpHR3.0-eYFP, or AAV5-EFIa-DIOChR2-eYFP in the medial NAc (anterior-posterior, 1.4 mm; medial-lateral, 0.7-0.9 mm; dorsal-ventral, À4.8 mm; and 1.4 mm, ML ± 0.7-0.9 mm; DV, À4.8 mm at 1 ml per site). Optic fibers (300 mm core diameter) were implanted at a 10 angle to target the following coordinates: anterior-posterior, 1.4 mm; medial-lateral, 0.7 mm; dorsal-ventral, 3.9 mm.
Cocaine CPP Paradigm
On the first day, each mouse was placed in the central portal of the CPP chamber while connected to patch cables that were not emitting light and allowed to freely explore the entire apparatus for 15 min (pre-test). Days 2 and 3 consisted of conditioning. Each mouse was confined to one of the side chambers for 20 min in the morning and then to the opposite chamber in the afternoon for the same period of time. Subjects received intraperitoneal injections of cocaine (15 mg/kg) before placement in one chamber or intraperitoneal injections of an equal volume of saline before being placed in the other chamber (0.1 mL). Day 4 consisted of the first extinction trial. Mice received optogenetic stimulation during the 15 min in which they had access to the two chamber apparatus. On days 5 and 12, mice were placed in the center chamber and allowed to freely explore the entire apparatus for 15 min (post-test). CPP experiments that did not involve cocaine were performed identically, except that the intraperitoneal injections of cocaine were omitted and replaced with saline.
Real-Time Conditioned Place Preference
Each mouse was placed in the central portal of a CPP chamber and then allowed to freely explore the entire apparatus for 20 min. Light stimulation was paired to one chamber of the apparatus and remained on until the animal moved to the other side.
Food CPP
On the first day (pre-test), each mouse was placed in the center of the chamber. They were then allowed to freely explore the entire apparatus for 15 min. Days 2-6 consisted of food conditioning. Each mouse was confined to one of the side chambers in the morning and to the opposite chamber in the afternoon (30 min sessions). Kellogg's Fruit Loops were spread evenly throughout one chamber while the other chamber was empty. The order that the mice experienced the two chambers alternated each day. Day 7 consisted of the first extinction test. Mice received blue light during the 15 min in which they explored the two chamber apparatus (extinction test 1). On days 8 (extinction test 2) and 15 (extinction test 3), mice were placed in the center chamber and allowed to freely explore the entire apparatus for 15 min.
Fear Conditioning
To induce fear conditioning, mice were placed in the conditioning chamber for 120 s and a foot shock (0.5 mA, 2 s) was delivered and then repeated a second time 120 s after the first shock. Thirty seconds after the delivery of the second shock, mice were returned to their home cage. Freezing was scored throughout the testing trial by an experienced experimenter blind to the treatment group. During the two extinction tests, mice were placed in the original conditioning cage, and freezing was tested for 5 min over the following 2 days, with optogenetic stimulation on the first of the two tests.
Optogenetic Manipulations
The power was 9-10 mW at the tip of the implanted optical fiber for blue light (447 nm) and 2-3 mW for yellow light (590 nm). Unless stated otherwise, for all ChR2 behavioral experiments, blue light was delivered in a burst pattern, with 5 ms long pulses at 15 Hz for 2 s interleaved with 2 s light off periods. For all NpHR behavioral experiments, yellow light was delivered continuously.
Immunohistochemistry
After perfusion, brains were fixed overnight in 4% PFA and then equilibrated in 30% sucrose in PBS for 1-2 days. Coronal slices 40 mm in size were sectioned. 
Ex Vivo Electrophysiology
Mice received a transcardial perfusion of ice-cold carbogenated NMDG ACSF (see Supplemental Experimental Procedures). After extraction, the brain was immersed in ice-cold NMDG ACSF for 2 min. Afterward, coronal slices (300 mm) were sectioned using a vibratome (VT1200s, Leica) and then incubated in NMDG ACSF at 34 C for 15 min. Slices were then transferred into a holding solution of HEPES ACSF (see Supplemental Experimental Procedures). During whole-cell recordings, slices were perfused with a recording ACSF solution (see Supplemental Experimental Procedures). Infrared differential interference contrast-enhanced visual guidance was used to select neurons that were 3-4 cell layers below the surface of the slices, which were held at room temperature while the recording solution was delivered to slices via superfusion driven by peristaltic pump. The pipette series resistance was monitored throughout the experiments; if the series resistance changed by >20% during the recording, the data were discarded. Whole-cell currents were filtered at 1 kHz and digitized and stored at 20 KHz (Clampex 9; MDS Analytical Technologies). All experiments were completed within 4 hr after slicing the brain. Details of PPR, AMPAR/NMDAR current, and mEPSC measurements are in Supplemental Experimental Procedures.
Statistical Analyses
Comparisons of behavioral preference across groups for the CPP tests were performed with a two-way repeated-measures ANOVA, with subject and session as the factors. To compare the mEPSC frequency and amplitudes across conditions, a mixed-effect linear regression was used after first transforming the skewed distributions so that the data better approximated a normal distribution (see Supplemental Experimental Procedures). 
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